The Drosophila (fruit fly) model system has been instrumental in our current understanding of human biology, development, and diseases. Here, we used a high-throughput yeast two-hybrid (Y2H)-based technology to screen 102 bait proteins from Drosophila melanogaster, most of them orthologous to human cancer-related and/or signaling proteins, against high-complexity fly cDNA libraries. More than 2300 protein-protein interactions (PPI) were identified, of which 710 are of high confidence. The computation of a reliability score for each protein-protein interaction and the systematic identification of the interacting domain combined with a prediction of structural/functional motifs allow the elaboration of known complexes and the identification of new ones. The full data set can be visualized using a graphical Web interface, the PIMRider (http://pim.hybrigenics.com), and is also accessible in the PSI standard Molecular Interaction data format. Our fly Protein Interaction Map (PIM) is surprisingly different from the one recently proposed by Giot et al. with little overlap between the two data sets. Analysis of the differences in data sets and methods suggests alternative strategies to enhance the accuracy and comprehensiveness of the post-genomic generation of broad-scale protein interaction maps.
. Recently, fly (Giot et al. 2003) and nematode ) genome-wide interactome maps have been generated using yeast two-hybrid methods different one from each other, and different from ours.
We have built a high-density protein interaction map of the fly orthologs of a set of human proteins (see Fig. 1 ). We report here the results obtained for the first 154 yeast two-hybrid analyses performed using 102 Drosophila proteins as baits, screened against two different fruit fly cDNA libraries derived from wholebody fly embryos or adult heads. These screens led to connections of >1700 additional Drosophila proteins. The Y2H strategy and methods are described as well as the bioinformatics tools developed to handle large bodies of data, to compute a confidence score for each protein interaction and to explore the map using a Web-based graphical interface. An analysis of the distribution of a set of Gene Ontology (GO) categories in the map and in the fly genome are presented together with an analysis of the distribution of predicted structural/functional domains among Figure 1 . A global view of the Drosophila embryo interaction map. This view of the Protein Interaction Map (PIM) resulting from our work is generated using the PIM Walker graphical interface, a tool developed for network display. The proteins in the map that bear an RA (Ras Association) or RBD (Raf-like Ras-binding) domain (colored in orange) define a discrete subnetwork around Ras-like GTPases (colored in yellow).
the experimentally defined interacting domains. The exploration of the present map leads to numerous biological hypothesis and expands our knowledge of regulatory protein networks important in human cancer as shown by the biological analysis of a particularly interesting network surrounding the Ras oncogene.
Striking differences were observed when comparing our partial fly interaction map to the genome-wide fly interactome published recently by Giot et al. (2003) . These differences define the intrinsic limitations of each approach and highlight important considerations for the production of high-quality PPI maps.
Results

Bait selection and design
The protein interaction map presented here was constructed using as baits Drosophila orthologs of human proteins involved in oncogenesis or in "generic" cellular functions such as signaling, intracellular trafficking, or maintenance of genome integrity. The complete set of 102 bait proteins is listed in Supplemental Table 1. For each selected protein, a custom bait design was performed to generate the best suited constructs for interaction screening; for example, bona fide or predicted hydrophobic transmembrane domains, signal peptides, and transcriptional transactivation domains were excluded from the bait constructs. Alternatively, specific structural or functional domains located within a larger polypeptide chain were selected as baits. In some cases, dominant mutant alleles with defined biological/ biochemical properties that stabilize or promote protein/protein interactions were introduced into appropriate baits; for example, mutations that convert small GTPases to constitutively activated, GTP-bound forms. A total of 154 baits were thus generated from the 102 starting proteins (Supplemental Table 1 ).
Drosophila screens, interacting domain identification, and computation of interaction reliability scores
We constructed two high-complexity libraries of randomly primed cDNA fragments from poly(A) + RNA isolated from adult fly head and embryos. Each screen was first performed on a small scale with various concentrations (0.5 to 200 mM) of 3-aminotriazol (3-AT), an inhibitor of imidazole glycerol phosphate dehydratase, the product of the HIS3 reporter gene. This procedure reduced the background generated by baits that activate transcription alone (so-called autoactivating baits). Concentrations of 3-AT for the full-sized screens were chosen in order to obtain up to 380 independent positive clones per screen (Supplemental Table 1 ). A minimum of 5 ‫ן‬ 10 7 interactions were screened for each bait. All positive clones were then picked, and prey fragments were identified by sequence analysis and comparison with BDGP v3.1 (Adams et al. 2000; Celniker et al. 2002; Misra et al. 2002) and/or GenBank databases using a dedicated integrated laboratory production management system, the PIMBuilder (Rain et al. 2001) . Following identification of positive clones, overlapping prey fragments derived from the same gene were clustered into families. The common sequence shared by these fragments defines the Selected Interacting Domain (SID). Thus, a SID presumably contains all the structural determinants required for a given interaction to occur. For each interaction, a Predicted Biological Score (PBS) was computed to assess interaction reliability. This score represents the probability of an interaction being nonspecific. For practical use, the scores were divided into four categories, from A (lowest probability) to D (highest probability). A fifth category, E, was added to specifically tag interactions involving highly connected prey domains. This category represents highly likely two-hybrid artifacts (see Methods).
General features of the Drosophila interaction map and visualization tool
We carried out a total of 154 screens on 102 Drosophila proteins. In all, 18,353 positive colonies were picked and 15,201 prey inserts were successfully sequenced. From these prey fragments, 2338 PPI and 2484 SIDs (mean size: 267 residues) were identified. Of these, 153 interactions fell into the "sticky" category (PBS E). The remaining set defined 2185 interactions connecting 1711 Drosophila proteins, which corresponds to an average connectivity of 2.55 partners per connected proteins and of 21.4 partners per bait (Table 1 ). The average connectivity for the highconfidence map (PBS A to C) is of seven partners per bait, an estimate in accordance with those proposed in recent studies (Grigoriev 2003; Lehner and Fraser 2004) .
For display and analysis of large interaction data sets, we used a previously developed software platform, the PIMRider ). This tool has been considerably enhanced to visualize multiple PIMs from different libraries and includes several viewers (Supplemental Fig. 1 ). Access to all data through the PIMRider software is freely available following registration at http://pim.hybrigenics.com.
Drosophila protein interaction map analysis
Global analysis of Gene Ontology (GO) distribution in the map and in the fly genome
The complete interaction map and the high-confidence score map were classified according to a reduced set of selected GO (Table 2 ). This distribution was compared to the one of the annotated Drosophila proteome. A few classes are enriched or depleted because of a primary bias in the distribution of the bait proteins (e.g., apoptosis regulator, cell death, or protein metabolism). An expected enrichment in the binding function class is observed. Interestingly, there is no significant depletion in membrane proteins. This suggests that the Y2H strategy used in our study (specific bait design, use of prey fragment libraries) overcomes the frequent bias against these cellular components reported in other studies (Giot et al. 2003) . The ability of our Y2H assay to efficiently detect interactions involving membrane proteins is convincingly exemplified in a recent study (Boeda et al. 2002) . Conversely, we did not observe an enrichment in nuclear proteins as recently reported (Giot et al. 2003) . Among the other classes, proteins with catalytic activity are underrepresented. The observed depletion may reflect the recognized difficulty to detect transient enzyme-substrate interactions even using a rather sensitive assay. Alternatively, exogenous catalytic activities may, in some circumstances, be toxic to yeast.
Global analysis of SID and predicted structural/functional domains
The identification of the interacting domains (SID) and the systematic prediction of InterPro domains, transmembrane segments (TM), and signal peptide (SP) in the whole interaction map and in the Drosophila proteome allowed us to compare the distribution of these experimental and predicted domains.
As shown in Table 3 , the predicted transmembrane domains are underrepresented in the SIDs, and proteins with a predicted signal peptide are significantly depleted from the map. Surprisingly, the percentage of proteins in the map with at least one predicted InterPro domain is somewhat lower than those in the fly genome. A likely explanation for this observation is that several proteins in the map contain yet uncharacterized structural/functional domains. For example, the SID on the tumorsuppressor gene CG33193 (Sav) mediating its interaction with CG11228 (Hpo) maps to its last 90 C-terminal residues (amino acids 518 to 608). This domain precisely encompasses a novel protein interaction motif, termed SARAH, mapped from amino acids 552 to 602 of CG33193 (Scheel and Hofmann 2003) . Thus, our PIM can predict and define the boundaries of novel domains. We are currently conducting a global search to identify novel interaction motifs in our map.
To further explore the relationship between SIDs and predicted structural domains, we identified among the different InterPro domains those known to mediate protein/protein interactions using an existing list as starting point (http:// www.mshri.on.ca/pawson/domains. html). We then analyzed the frequency of appearance of these binding domains among SIDs versus the fly genome. This analysis revealed that SIDs were significantly enriched in known binding domains (Table 4) . The most frequently encountered domains are: PDZ, PH, ANK, SH3, RING, and WD40, with the most enriched being PDZ, RA, ANK, 14-3-3, FERM, Shown is a classification of the proteins in the set of chosen baits (baits), the complete interaction map (all), the high PBS score interaction map (ABC), and the Drosophila proteome (annotated Drosophila proteome) using a reduced set of selected high-level GO categories. Significant differences (p < 0.05) are colored in light gray (depletion in data set vs. proteome) or dark gray (enrichment in data set vs. proteome).
and LIM. Interestingly, some of the enriched domains are thought to require their specific target motifs to be post-translationally modified in order to recognize and bind them. This is the case for the 14-3-3, PH, and FHA domains, which recognize phosphorylated serine or threonine residues, or for the Bromo domain, which binds acetylated lysines. Enrichment of these domains in the map suggests that many bait proteins are modified by endogenous yeast enzymes. Some domains were not represented in SIDs. These include WW, MH2, and BH1_2_3_4. The exclusion of WW and BH domains from the SIDs is due to the bias in the bait protein distribution (data not shown) combined with the low occurrence of these domains in the annotated fly proteome.
Comparison with known fly interactions and with other large-scale projects
We compared our data with the genome-wide exploration of the fly interactome recently published by Giot et al. (2003) . This study includes both the screening of a collection of 10,306 fulllength prey proteins and of two commercially available cDNA libraries. The resulting draft map includes 7048 proteins and 20,405 interactions. The study also presents a refined, highconfidence map of 4679 proteins and 4780 interactions.
We examined the number of known interactions recapitulated in each data set. We restricted both experimental sets to the PPI between two named genes (CG were excluded) in order to maximize overlap with the literature-derived set, and compared them with 945 Drosophila PPI curated from the literature (A. Baudot, P. Mouren, B. Jacq, and C. Brun, in prep.). This restricted our set to 885 interactions and the one of Giot et al. (2003) to 2787 interactions. Also, 51 interactions (1.8%) from the Giot data set and 20 interactions (2.3%) from the present study were previously known to interact or to occur in the same complex. Taken together with a recent Y2H screen concerned with the cell cycle (Stanyon et al. 2004 ), all three large-scale screens should be sources of novel information.
To examine how the Giot data set overlapped with ours, we restricted both maps to the PPI involving common bait proteins. Out of the 102 proteins analyzed in the present study, only 30 were found as baits in the genome-wide interaction map. These 30 common bait proteins are implicated in 216 PPI in the Giot map and in 662 PPI in ours. Unexpectedly, the overlap was rather small as the data sets share only 24 interactions (Supplemental Table 2 ).
We also analyzed the overlap between both data sets and the 4829 genetic interactions gathered in FlyBase. The present map and that of Giot et al. (2003) recapitulated 2.15% (19/885 PPI) and 1% (29/2787 PPI) of the genetic interactions, respectively (Supplemental Table 3 ). This small overlap indicates that the two approaches provide complementary tools to decipher biological processes.
Benchmarking of the PBS confidence scoring system
Among the 20 interactions already described in the literature, 17 fall into the PBS A category, two into the PBS B category, and the last one into the D category (Supplemental Table 4 ). On average, 13.1% of all the PBS A interactions (17/130) were found in the literature set, confirming that the PBS correlates with the biological significance of the interaction. In addition, 36 interactions from the present map or the related data set obtained with human orthologs were experimentally tested using independent methodologies (pull-down or coimmunoprecipitation). In all, 25 (69%) interactions were reconfirmed. These figures increase to 23/29 (79%) for the high-confidence (ABC) data set, while two Transmembrane (TM) segments (Krogh et al. 2001) , signal peptide (SP) (Nielsen et al. 1997) , and InterPro domains (Ashburner and Lewis 2002) were predicted from the primary sequences of the proteins in the present data set and the complete Drosophila proteome. Mapped domains were then compared with the SID. Formstecher et al.
out of seven (29%) PBS D interactions were independently confirmed, demonstrating that biologically relevant interactions can be found in the low-confidence set (Supplemental Table 5 ). Manuscripts describing in detail these interactions and their biological relevance are in preparation. These observations are consistent with several published studies by us and by others. These use the biological approach and scoring method described here and show that on average at least 60% of the high-confidence interactions are biologically relevant (Rain et al. 2001; Wojcik et al. 2002; Colland et al. 2004; Terradot et al. 2004 ).
The distribution of PBS categories in the 19 shared "genetic" interactions (10 PBS A, 1 PBS B, and 8 PBS D) is strikingly different from that in the literature set (Supplemental Table 3 ). The higher proportion of PBS D in the "genetic" data set overlap may indicate that the PBS D subset contains a significant proportion of bona fide interactions that have been refractory to identification using classical protein interaction mapping approaches as suggested by their significant depletion in the "literature" set.
A closer look at the local pathway around the Ras oncogene
Normal and pathological Ras signaling has been largely deciphered using Drosophila genetics (Rubin et al. 1997 ). However, PPI around Ras have been more thoroughly investigated in vertebrates. Ras has been shown to act via direct interactions with at least three types of effectors, the serine/threonine kinases Raf, the PI3kinases, and GEFs of the RalGDS family. AF6 is another partner of Ras although it might be a biological effector of Rap. The tumor-suppressor gene RASSF1 has been proposed to be a Ras effector regulating its pro-apoptotic function (Vos et al. 2000; Khokhlatchev et al. 2002 ) and whether RIN proteins, which are Rab5 GEFs, are bona fide Ras effectors still awaits further investigation (Wang et al. 2002) .
Our Y2H screens used an activated allele of Ras1 (Ras1G12V) deprived of its C-terminal CAAX motif to avoid prenylation that would target Ras to the plasma membrane and impair Y2H analysis. These screens identified the orthologs of the three main effectors of human Ras, confirming previously described genetic and/or physical interactions: Phl (pole hole), p110, and Rgl2 are the fly orthologs of Raf proteins, the p110 subunit of PI3K, and the RalGDS proteins, respectively (Supplemental Fig. 1A) . Cno (canoe, AF6 in mammals) and Loco (orthologous to RGS12 and RGS14) were also identified in this screen. Of significance, the SIDs on these different effectors map exactly to the RA (Ras Association) or RBD (Raf-like Ras Binding Domain) domains previously proposed to mediate Ras binding (Supplemental Fig. 1C ).
There is no fly protein containing a C2 domain (Protein Kinase C Conserved Region 2) and a C-terminal RA domain like RASSF1. In vertebrates, RASSF1 interacts with the STE20-like kinases MST1/2 (Khokhlatchev et al. 2002) . CG4656 was identified in our screen performed with the fly ortholog of MST1/2 (CG11228/hippo). CG4656 bears an N-terminal LIM (Lin-11 Isl-1 Mec-3) domain instead of the C2 domain found in RASSF1, and a RA domain. The fact that Ras and CG4656 were not found as partners in screens with Ras or with CG4656 as baits while the CG4656-CG11228 interaction was identified suggests that (1) the CG11228-CG4656 interaction is the orthologous interaction of the vertebrate MST1/2-RASSF1 interaction and (2) the Ras-RASSF1 interaction is either specific to vertebrates or, because it is not conserved, questionable.
Prd (paired) and qua (quail) are proteins identified as single interacting fragments (PBS D) in our Ras screens. The Prd transcription factor is orthologous to vertebrate Pax3/Pax7. Qua is the fly ortholog of advillin. Neither prd/pax nor qua/advillin is a known Ras partner, and neither protein contains a domain predicted to mediate binding to Ras. Confidence in a partnership identified once, with no conserved interaction in mammals and no predicted binding domain, should be considered as low.
RIN proteins are vertebrate partners of Ras, although to what extent they are bona fide effectors of Ras remains uncertain. However, the RA-containing fly ortholog CG33175 was not identified in Ras screens, despite its presence in our cDNA library.
Reciprocally, CG8965 was identified as a good Ras effector candidate in flies (PBS A). It contains two RA domains, but only the first one is present in the SID derived from more than 20 independent prey fragments, suggesting that the second RA domain might not be functional regarding Ras binding (Supplemental Fig. 1B) . We find an ortholog of CG8965 in Anophaele gambia but not in vertebrates. CG8965 might represent the first case of a Ras effector transducing Ras signals only in insects. Giot et al. (2003) have screened a wild-type, full-length Ras. The single partner identified, encoded by CG3428, contains no predicted domain (including RA domain) other than an Nterminal F-box. F-box proteins are components of multisubunit E3 ligases, like the SCF complexes. F-box-only proteins like FBX4 might well be the orthologs of CG3428. The absence of an RA domain and the fact that in our screens performed with activated Ras we did not find CG3428 suggest that CG3428 interacts with an unloaded or GDP-bound form of Ras. Protein degradation by the proteasome has been recently demonstrated to control the stability of and the signaling by some GTPases (Wang et al. 2003) . The data by Giot et al. (2003) suggest that Ras might join this group, with Ras ubiquitination and subsequent degradation being dependent on CG3428/FBX4.
Discussion
Large-scale two hybrid analysis can be industrialized and robotized and is thus one of the methods of choice for functional annotation by interaction mapping in the post-genomic era. While it has so far been mostly applied to unicellular organisms, recent projects have tackled the genome-wide analysis of multicellular interactomes (i.e., Caenorhabditis elegans and Drosophila melanogaster). These two exhaustive studies have provided the scientific community with functional predictions for a large number of unannotated proteins from these model organisms. In the present study, we report the identification of 2300 interactions connecting 1727 Drosophila proteins. For each interaction, a reliability score is computed, and the interacting domain is mapped. The high-confidence set comprises 710 interactions and connects 641 proteins. Our data set largely complements a recently published genome-wide map of the Drosophila interactome (Giot et al. 2003) , as the two projects poorly overlap.
This striking difference points to some of the limitations of large-scale two-hybrid analyses, and several explanations can be proposed. First, full-length proteins could, in several cases, be inappropriate for interaction screening. This is exemplified by plasma membrane proteins whose transmembrane domains hinder Y2H analysis. A rational bait design combined with the screening of short fragmented preys' libraries significantly decrease the rate of false negatives within this protein class as shown in the present study. Although more difficult to adapt to large-scale studies, such customized bait design should improve the quality of yeast two-hybrid screens. In addition, analyzing PPI using multiple truncated forms of bait and prey polypeptides maximize the chance of obtaining properly folded, stable domains and thus successful interactions. This has been substantiated in yeast, where screening a domain library rather than fulllength proteins has considerably enriched the yeast protein interaction database (Fromont-Racine et al. 1997) . Finally, interacting domains are, in a number of full-length proteins, masked by intramolecular interactions and are therefore not accessible to their ligands unless being exposed following a specific activation signal. Conversely, an interaction can be missed because of a discontinuous interaction domain and would be more likely detected using full-length proteins. It is clear also that fulllength prey collections have the advantage of being normalized and fully representative of a predicted genome.
Second, the depth of the screening procedure dramatically impacts the false-negative rate. In the present study, exhaustive screening and analysis of up to 380 clones per screen (on average 119 preys/bait) were performed. The resulting coverage is close to comprehensiveness, as suggested by a reproducibility rate close to 90% (Supplemental Table 6 ).
Third and finally, additional methodological differences may explain the small overlap between the Drosophila studies. Each project used unique yeast expression vectors with distinct fusion systems that might impact the folding and stability of the hybrid proteins. The stringency of the selection was also different; in the present study, the selective pressure is adapted to the intrinsic properties of each bait and a single reporter gene is used, while in the genome-wide analysis, a unique selection condition and two reporter genes are used. When applied to the present screening procedure, a double-reporter system gave an insignificant attrition rate and increased the false-negative rate (data not shown). A single-reporter strategy was therefore adopted.
A common theme in the increasing number of large-scale Y2H studies is the occurrence of false-positive interactions that need to be filtered out. The high reproducibility of the screening strategy described here has allowed the development of a systematic statistical approach to assign a confidence score, the PBS, to each interaction. The PBS has been shown here and in other independent studies (Rain et al. 2001; Wojcik et al. 2002; Colland et al. 2004; Terradot et al. 2004 ) to positively correlate with the biological significance of interactions. Previous attempts at confidence scoring used only the redundancy in prey fragments (Ito et al. 2001) or identified some of the parameters used in PBS calculation as global predictors in a trained linear model (Giot et al. 2003) . Ideally, the establishment of experimental standards to uniformly evaluate false positives would be needed to compare or integrate data from different sources. The rate of false positives in the two Drosophila studies can be broadly estimated by comparing the percentage of low-confidence interactions in both data sets. It appears that 77% (15,625/20,405) of Giot et al. (2003) interactions have been classified as low confidence versus 70% (1628/2338) in the present study. This rather high prevalence of low-confidence interactions may partly explain the small overlap between the two studies.
Conversely, large-scale two-hybrid data sets are largely incomplete because of a significant rate of false negatives. This is inherent in the two-hybrid technology as it cannot apply to all PPI and is probably biased toward specific interacting domain pairs (see above). In addition, different approaches using distinct types of bait and prey constructs, expression vectors, or selective pressure will favor different segments of a given interactome. This has been substantiated in a recent study comparing two Drosophila maps generated using different bait and prey constructs (Stanyon et al. 2004) .
Clearly, genome-wide and more focused studies have different limitations. The former allows a cost-and time-effective exploration of complex interactomes but results in maps that have a much lower coverage than the latter. Conversely, the focused approach provides a more comprehensive map but is less adaptable to genome-wide exploration mainly because of cost, time, and managerial considerations. Cost refers mainly to the screening cost and, in particular, the prey sequencing up to 380 clones/ bait; time refers mainly to the custom bait design as opposed to full-length, wild-type cDNA cloning. Finally, managerial consideration refers to the requirement of experts in each targeted field for proper custom bait design. The original goal of the strategy described here was to find a compromise between throughput and quality (i.e., reproducibility of the screens, density of the map, interaction scoring). Currently, the union of processed data obtained through different approaches, such as those discussed here, should complement each other and considerably improve our knowledge of protein interactomes.
Ultimately, the integration of multiple, independent sets of genomic and proteomic data, as proposed for yeast and C. elegans (Ge et al. 2001; Li et al. 2004 ), proves to be even more powerful in assigning unannotated proteins to biological pathways. However, the recent correlation between some of these data sets from C. elegans appears to be poorer than those observed in yeast, possibly reflecting the overall higher complexity of metazoan biological processes. The controlled, multiple integration of genomic and proteomic data sets generated in different uni-and pluricellular organisms may overcome some of these limitations. But efforts in ortholog identification through phylogenetic analyses need to be accomplished.
Reliable exploration tools are urgently needed to visualize, explore, and analyze these large proteomic data sets. To this end, our dedicated Web-based graphical interface, the PIMRider is freely accessible at http://pim.hybrigenics.com to explore the present map. Our Drosophila protein interactions data are also available in the standard data model recently developed by the Proteomics Standards Initiative (PSI) and can be visualized using the PIMWalker tool (http://pim.hybrigenics.com/pimwalker) which graphically displays interaction networks described in this format (Hermjakob et al. 2004 ). Finally, we have deposited these interactions with FlyBase (http://flybase.bio.indiana.edu/) and with BIND (http://bind.ca), DIP (http://dip.doe-mbi.ucla.edu/), IntAct (http://www.ebi.ac.uk/intact/index.html), MINT (http:// mint.bio.uniroma2.it/mint/), and MIPS (http://mips.gsf.de/) via the IMEX (International Molecular Interaction Exchange) consortium (http://imex.mbi.ucla.edu:60606/imex/IMEX.jsp).
Methods
Bait cloning
The tim, per, cry, and cyc bait constructs were provided by Michael Rosbash (Brandeis University, MA, USA). Baits were either directly subcloned in the pB27 plasmid or were first PCRamplified and then transferred. The pB27 plasmid is derived from the original pBTM116 (Vojtek and Hollenberg 1995) in which the Amp R gene has been replaced by a Tet R gene. In addition, the multiple cloning site has been modified to GAATTCGGGGCCG
TAAGGGCCACTGGGGCCCCTCGACCTGCAG. All bait constructs were checked by full insert sequencing. Bait plasmids were transformed in the L40⌬GAL4 yeast strain (Fromont-Racine et al. 1997 ).
Library construction
Random-primed cDNA libraries from Drosophila (Canton strain) adult heads (provided by Michael Rosbash) and embryos (provided by Peter Maroy [University of Szeged, Hungary]) poly(A) + RNA were constructed in the pP6 plasmid. The embryo library is an equimolar pool of two cDNA libraries prepared from 0-12 h (zygotic + maternal mRNA) and 12-24-h embryo mRNA. The pP6 plasmid is derived from the original pGADGH (Clontech) in which the multiple cloning site has been modified to CCATG
The cDNA fragments shorter than 400 bp were removed by gel filtration chromatography. In all, 90% of the plasmids contained a cDNA insert with an average size of 700 bp. After amplification in Escherichia coli (50 million independent clones), the cDNA libraries were transformed into the Y187 yeast strain. Ten million independent yeast colonies were collected, pooled, and stored at ‫°08מ‬C as equivalent aliquot fractions of the same library.
Screening procedure and identification of interacting fragments
The screens were performed using a mating method previously described (Fromont-Racine et al. 2002) . Each screen was first performed on a small scale to adapt the selective pressure to the intrinsic properties of the bait. Then, the full-size screen was performed to ensure a minimum of 50 million interactions tested (five times the primary complexity of the yeast-transformed cDNA libraries). Positive clones were selected on medium lacking leucine, tryptophane, and histidine. Up to 380 positive clones per independent screen were picked, and the corresponding prey fragments were amplified by PCR and sequenced at their 5Ј and 3Ј junctions. 5Ј and 3Ј sequences were then filtered by using PHRED ) and masking ALU repeats. Sequence contigs were built using CAP3 (Huang and Madan 1999 ) and compared to the recent release 3.1 of BDGP using BLASTN (Altschul et al. 1997) . In the few cases where no matching transcripts were identified, the contigs were compared to the latest release of the GenBank database using the same BLASTN procedure. The issue of the splice variants was addressed as follows: When the sequences of the prey fragment(s) allow the identification of a specific splice variant, the identification procedure assigns this prey (or the prey family) to this specific variant. When the prey fragment sequences do not allow the distinction between different isoforms, the process picks the best annotated variant and assigns the prey fragment(s) to this isoform.
Interaction scoring
The method for calculating the Predicted Biological Score (PBS), previously described for genomic libraries (Rain et al. 2001) , has been adapted for randomly primed cDNA libraries. The PBS takes into account the redundancy and independency of prey fragments (number of times an interaction was observed with one given bait fragment), the distributions of reading frames and stop codons in overlapping fragments, and the local topology of the interaction network: highly connected prey regions, interactions confirmed by two independent screens in the bait/prey and prey/ bait orientations, and cycles and cliques. The PBS E-value ranges from 0 to 1 and has been classified in five distinct categories: A to E. Intercategory thresholds were chosen manually with respect to a training data set containing known true-positive and falsepositive interactions (data not shown): A < 1e-10 < B < 1e-5 < C < 1e-2.5 < D < 1. The E category corresponds to prey domains nonspecifically selected by baits (Rain et al. 2001) for which the corresponding PBS has been set to 1, and then represents most probably false positives. Categories A, B, and C represent probable true-positive interactions at different levels of confidence. In between, the D category gathers protein interactions detected by only one prey fragment for a given bait: It may represent false positives (prey fragment selected nonspecifically by the bait) or interesting rare events (interaction with a protein encoded by a rare mRNA or interaction difficult to detect in classical two-hybrid assays). Those categories have been shown to be positively correlated to the biological significance of interactions (Rain et al. 2001; Wojcik et al. 2002) . More detailed explanations about PBS calculation can be found as Supplemental material.
In addition, proteins connected in the PIM were automatically annotated in terms of structural and functional domains by use of bioinformatics algorithms: TMHMM (Krogh et al. 2001) and SignalP (Nielsen et al. 1997) for the detection of transmembrane helices and signal peptides, respectively, and IpScan for the prediction of InterPro domains (Apweiler et al. 2001) . Proteins are also linked to functional categories defined in the Gene Ontology (GO) classification (Ashburner and Lewis 2002) .
